Breast cancer metastases have been crucial for treatment and prognosis of breast cancer, therefore, the early diagnosis of metastases is of great significance to improve the patient's survival. The lung is one of the most common metastatic sites of breast cancer. Although there are many techniques used for lung metastasis diagnosis, they have difficulty in detecting lung metastases at an early and resectable stage when metastatic nodules are small or specially located. In this study, we used 1 H NMR based metabonomics in conjunction with multivariate analysis to determine the metabolic phenotypes of lung tissues at different metastatic stages, and identify the common potential biomarkers for early metastasis in both MMTV-PyMT and 4T1 breast cancer lung metastasis models. Multivariate analysis results showed that the increased levels in lactate, alanine, glutamate and creatine were the potential biomarkers at early metastatic stage. With the severity of metastasis, the emerging changes of up-regulated GPC/PC and myo-inositol, together with down-regulated valine were metabolic profiles at late metastatic stage. These findings give a metabonomic overview of breast cancer metastatic lung tissues characterized by a series of changed biochemical pathways including energy metabolism (glycolysis and creatine metabolism), amino acids and phospholipids metabolism, demonstrating metabonomics as a useful approach for identifying biomarkers for tumor metastasis.
Introduction
An estimated 1.7 million breast cancer cases and 521 900 deaths occurred in 2012, approximately 25% of total cancer cases and 15% of all cancer deaths among females worldwide. 1 The lung is one of the most common metastatic sites of breast cancer, 2 and reports from 50 years of autopsies in breast cancer showed lung or pleura metastases were as high as 80.7%.
3 Chest X-rays could make a relatively denite diagnosis on the lung metastatic location and size. However, it easily missed the metastatic nodules with small size and the ones without clear boundaries from the surrounding normal tissues. Low-dose CT scanning has been demonstrated to be a more sensitive tool than chest radiography for the detection of lung metastases, but it has difficulty in detecting lung metastases at early and resectable stage. Therefore, identifying new methods for early diagnosis of breast cancer lung metastases is important to improve the survival rates of patients.
Metabolic proling (metabonomics/metabolomics) is widely used to investigate the metabolic compositions of cells, tissues, and biouids. [4] [5] [6] [7] It offers a comprehensive and quantitative method for monitoring the biochemical changes induced by factors of physiology and environment. 8, 9 NMR-based metabonomics together with multivariate data analysis has been widely applied in many diseases, 10, 11 and it has been also applied for tumor research in recent years, such as chronic lymphocytic leukaemia 12 and pancreatic islet b cell tumor.
13
Metabonomics had also been adopted in tumor metastases. A study about serum metabolic proles of metastatic colorectal cancer patients revealed metabonomics could be applied in survival predicting.
14 Sreekumar A. et al. revealed sarcosine as a potential urinary biomarker for differentiating clinically localized prostate cancer from metastatic prostate cancer. 15 In metastatic breast cancer, Jobard E. et al. reported that serum histidine, acetoacetate, glycerol, pyruvate, glycoproteins (Nacetyl), mannose, glutamate and phenylalanine were statistically signicant metabolites in advanced metastatic breast cancer patients. 16 It was also reported that serum metabolomics was useful for assessing micro metastasis in breast cancer patients. 17 These researches proved that metabonomics could be an effective method to nd early metabolic changes in breast cancer metastases. Thus we applied metabonomics method to study lung metabolic proles in order to detect the metastatic progression and nd the early biomarkers for lung metastases in breast cancer.
MMTV-PyMT mouse is a commonly used breast cancer spontaneous tumor model, which was induced by transfer of polyoma virus middle T oncoprotein into the promoter of the oncogene. 18 In this transgenic mouse model, the histopathological progression of breast cancer includes four stages, i.e. hyperplasia (4 weeks), adenoma (7 to 9 weeks), early carcinoma (9 to 12 weeks) and late carcinoma (15 weeks). At 12 weeks, all of the mice presented the micrometastases to the lung, 19 which was identied as the early breast cancer metastases. At 15 weeks, the lung metastases became serious and the mice began to die.
19 Therefore, MMTV-PyMT mice were used in this study to research the progression of lung metastases in breast cancer. In addition, a highly metastatic 4T1 murine mammary carcinoma cell transplantation model was also established for the further study of lung metastases. When these cells were injected into BALB/c mice, it could develop metastases in lung, liver, and bone. 20, 21 We can observe early lung metastases at 10 days, and then the lung metastases became serious at about 14 days.
In this study, we presented a 1 H NMR-based metabonomics study to reveal the lung metabolic changes in both MMTV-PyMT spontaneous and 4T1-transplanted breast cancer models, in order to search the metabolic phenotypes for characterizing the lung metastatic progression and screening out the early biomarkers for lung metastases.
Materials and methods

Cell culture
4T1 murine mammary carcinoma cell line was obtained from the cell bank of Chinese Academy of Sciences (Shanghai, China). These cells were cultured in high glucose Dulbecco's Modied Eagle's Medium (DMEM, GIBCO), supplemented with 10% fetal bovine serum (FBS) and incubated at 37 C in a humidied atmosphere containing 5% CO 2 .
Animal studies MMTV-PyMT mice on the FVB genetic background were obtained from the Jackson Laboratory (Bar. Harbor, Maine). The FVB mice crossed with MMTV-PyMT mice and offspring were genotyped by PCR to identify MMTV-PyMT-positive females at approximately 3 weeks of age. The MMTV-PyMT mice were sacriced at 9, 12, 15 weeks of age (n ¼ 8 per group), and lung tissues were collected. The background FVB mice were regarded as control group, and were sacriced at 9 weeks for normal lung tissue. Female BALB/c mice (8-10 weeks old) were purchased from Animal Center of Guangdong province (Guangzhou, China). 4T1 (3 Â 10 5 ) tumor cells in 200 mL of PBS (phosphate buffer saline, 0.1 M, pH ¼ 7.4) were injected in female BALB/c mice via the tail vein to establish lung metastases model. These mice were assigned to four groups (n ¼ 8 per group), one group served as control group just injected with PBS (0.1 M, pH ¼ 7.4), and other three groups received 4T1 cells via the tail vein. The transplanted mice were sacriced at 7 days, 10 days and 14 days, respectively, and the lung tissues were collected. The normal lung tissues were removed at 10 days from control group. Animals were maintained in accordance with the guidelines for Ethical Review of Animal Welfare, China, and approved by the institutional ethical committee of Guangdong Pharmaceutical University.
HE staining
A portion of fresh lung tissue was xed in 10% neutral formalin solution for 18 hours and followed by dehydration for 9 hours. Aer paraffin embedding, the paraffin sections (4 mm) were stained with hematoxylin & eosin (H&E).
Sample preparation
The remaining lung tissue was cut and weighed. Approximately 80 mg of each sample was extracted twice with 1 mL 50% aqueous acetonitrile using porcelain mortars. Aer centrifugation at 15 000 rpm for 10 min, the combined supernatants were then lyophilized immediately, and residues were stored at À80 C.
Before analysis, the lung tissues extracts were dissolved with 350 mL of D 2 O containing 0.05% TSP (sodium 3-trimethylsilyl- Aer vortex for 1 min, these extracts were centrifuged at 15 000 rpm for 10 min. The supernatant (500 mL) was then pipetted into 5 mm NMR tubes.
H NMR spectroscopy
1 H NMR spectra of lung extracts were collected at 298 K on a Bruker Avance 500 MHz spectrometer (Bruker Biospec, Erlangen, Germany). 1 H spectra were obtained by onedimensional NOESYPR1D pulse sequence (recycle delay-90 -t 1 -90 -t m -90 -acquisition). Free induction decays adopted a spectral width of 10 kHz with a mixing time of 100 ms and pulse delay time of 2 s, and they were collected with 64 transients into 32 k data points. The t 1 was set to be 3 ms. An exponential function with a line-broadening factor of 0.3 Hz multiplied to all free-induction decays before Fourier transformation.
Pattern recognition and statistical analysis TOPSPIN 2.0 was used to correct the phase and baseline of all the spectra, and chemical shis of spectra were referenced to the TSP at d 0.00. Each 1 H NMR spectrum was segmented into regions of 0.004 ppm. The region of d 4.7-5.2 was discarded to eliminate effects of water suppression. The integral of these buckets at d 0.5-9.0 were normalized to the total sum of the spectral integral.
Pattern recognition analysis was performed using the so-ware Simca-P + 12.0 (Umetrics, Sweden). Principal component analysis (PCA) observed all the NMR spectra data with an unsupervised pattern. Then Orthogonal single collection Partial Least Squares Discriminant Analysis (OPLS-DA) was adopted to establish the group separation for biomarkers screening. The results of pattern recognition analysis were showed by scores and loadings plots, in which groupings pattern and metabolites differences were visually displayed. MATLAB programme colored the variables in loadings plots with the correlation coefficients from OPLS-DA. Statistical analyses were further tested by a simple Student's test (SPSS 19.0).
Results
Histopathological examination in lung Fig. 1 showed the lung histopathological changes in MMTVPyMT and 4T1 transplantation models, which revealed the progression of lung metastases. We can see normal lung tissues structure in FVB mice (background mice) and MMTV-PyMT mice at 9 weeks. It was found that micrometastases emerged at about 12 weeks with the allotypic nucleus compared to the morphological features at 9 weeks (Fig. 1A3) . At 15 weeks, metastases commonly appeared in features of obvious atypia, in which pulmonary metastases loci were increased and aggravated. Most of the mice began to die at 16 weeks caused by pulmonary metastases, so the mice at 15 weeks were selected as the nal pulmonary metastases model. For 4T1 model, it was found the normal lung tissues structure at 7 days. Micrometastases were found just at 10 days, similar with the MMTVPyMT mice at 12 weeks. Up to 14 days, all mice presented serious metastases. Most mice began to die at 18-20 days because of serious metastases, so the mice at 14 days were selected as the model for late stage of pulmonary metastases.
Metabolite proling of lung
Typical lung tissues 1D 1 H NOESY spectra from FVB (9 weeks), MMTV-PyMT (9 weeks, 12 weeks, 15 weeks) mice and 4T1 model (controls, 14 days) mice were shown in Fig. 2 , respectively.
Metabolites in the 1 H NMR spectra were referred to the literatures 6,22 and conrmed by 2D spectroscopy. Thus, a series of glucose, amino acids, lipids and metabolic intermediates could be observed. It was obviously found that lactate increased with lung metastatic progression in MMTV-PyMT mice. The increased lactate was also found in the 4T1 model mice at 14 days compared to control group. To obtain meaningful metabolites closely correlated with lung metastases in these two models, all 1 H spectra were analyzed through multivariate data analysis.
Metabolic variations associated with tumor progression
PCA was rstly performed to classify the lung samples at different stages in MMTV-PyMT and 4T1 models, respectively. Fig. 3A shows the PCA scores plot in MMTV-PyMT mice, presenting the distribution for all the lung samples including FVB mice at 9 weeks and MMTV-PyMT mice at 9 weeks, 12 weeks and 15 weeks. With the pathological progression, the distribution of the samples moved from the le to the right side along the t 1 dimension as the arrow denoted, which suggested that the metabolic characteristics changed with the tumor metastases. 4T1 model also showed an obvious distribution among the three groups at 7 days, 10 days and 14 days. The PCA results revealed that the lung metabolic variations in MMTV-PyMT and 4T1 models were closely correlated with the lung metastatic progression.
In this study, OPLS-DA models were established respectively to classify samples at different pathological stages to screen potential biomarkers for lung metastases. Fig. 4A1 shows the obvious classication between samples of MMTV-PyMT mice at 9 weeks and 12 weeks. From the coefficient coded-loadings plot (Fig. 4B1) , the levels of lactate, alanine, N-acetyl-glycoprotein, glutamate, creatine, proline and myo-inositol increased, while the valine decreased. The same OPLS-DA strategy was applied to the samples of MMTV-PyMT mice between 9 weeks and 15 weeks (Fig. 4A2) . The trends of the metabolic variations were generally consistent with the changes in Fig. 4B1 . Additionally, glycerophosphocholine/phosphocholine (GPC/PC) was upregulated, while glutamate showed no change. It was also found that the levels of lactate and GPC/PC increased, and valine, acetate and glutamate were down-regulated at 15 weeks compared with 12 weeks (Fig. 4B3) . Table 1 summarized the statistical analysis results of the metabolites screened out in Fig. 4 . We could see that the valine, lactate, alanine, N-acetyl-glycoprotein, glutamate, creatine, proline and myo-inositol had statistical signicance at 12 weeks, when lung micrometastases occurred. Therefore, these metabolites had potential as early biomarkers for breast cancer lung metastases. With the metastatic progression at 15 weeks, in addition to the continued decrease of valine and increase of lactate, alanine, N-acetyl-glycoprotein, creatine, proline and myo-inositol, the up-regulated GPC/PC had statistical signicance.
Furthermore, to verify the signicance for lung metastases of above-mentioned metabolites in MMTV-PyMT mice, we performed the multivariate analysis in 4T1 model. According to the histopathological changes in lung tissues (Fig. 1) , the pathological processes of 4T1 model were in accordance with the MMTV-PyMT mice. Fig. 5 showed the clear classication between the 4T1 model samples at 7 days and 10 days (Fig. 5A1) , 7 days and 14 days (Fig. 5A2) , 10 days and 14 days (Fig. 5A3) , respectively. It was found that lactate, alanine, glutamate and creatine were up-regulated at 10 days, same as the changes in MMTV-PyMT mice (Fig. 4B1) . Fig. 5B2 presented the variation tendency of valine, lactate, alanine, creatine, GPC/PC and myoinositol at 14 days, which were consistent with those changes at 15 weeks in MMTV-PyMT mice, except for the decreased aspartate and increased taurine. In Fig. 5B3 , the metabolites of valine, lactate, acetate, glutamate and GPC/PC have similar changes with those in MMTV-PyMT mice (Fig. 4B3) . Creatine, taurine and myo-inositol were of high levels and aspartate was decreased at 14 days in comparison with 10 days. Table 2 gives statistical analysis results of metabolites screened out from Fig. 5 . When micrometastases occurred in MMTV-PyMT mice (12 weeks) and 4T1 model (10 days), the common metabolites with statistical changes were lactate, alanine, glutamate and creatine, which possibly were potential biomarkers for early lung metastases of breast cancer. It was also found that the increased GPC/PC and myo-inositol, and decrease of valine were closely correlated with the serious metastases.
Discussion
Breast cancer metastases were challenge in treatment and prognosis of breast cancer; therefore, searching early biomarkers of breast cancer metastases was of great signi-cance to improve the patient's survival. In this study, we explore the association between lung metastases progression and metabonomic proles in lung tissue of both MMTV-PyMT and 4T1 models, in order to nd the biochemical markers for the early diagnosis of breast cancer lung metastases.
From the histopathological characteristics showed in Fig. 1 , we could nd the noticeable development of lung metastases from early to serious metastases. Fig. 3 demonstrated the metabolites' progression trajectory of lung tissues in MMTVPyMT mice and 4T1 model mice respectively, which revealed that the lung tissues metabolites' changes were closely correlated with the lung metastases stages. At early lung metastasis stage, it was found that lactate, alanine, N-acetyl-glycoprotein, glutamate, creatine, proline, and myo-inositol increased, while valine was down-regulated in the lung tissues in MMTVPyMT mice at 12 weeks. With the progress of lung metastases, additionally increased GPC/PC was found at 15 weeks, while glutamate showed no difference. In 4T1 model mice, the levels in lactate, alanine, glutamate and creatine were up-regulated at 10 days. Moreover, a series of new metabolites changes appeared at 14 days, including valine, aspartate, GPC/PC, taurine and myo-inositol. Therefore, it was concluded from the two breast cancer lung metastases models that the increased lactate, alanine, glutamate and creatine could be the common biomarkers for early lung metastases, while the increased GPC/PC and myo-inositol, and the decreased valine were correlated with the severity of lung metastases. These metabolites were involved in the energy metabolism (glycolysis and creatine metabolism), amino acids and phospholipids metabolism. A general metabolic pathway was drawn according to these changed metabolites (Fig. 6 ).
Tumor progression needs great energy consumption, which was closely related to glucose metabolism. The elevated lactate involved in glycolysis was observed in MMTV-PyMT and 4T1 model mice at early metastases stage, which revealed the activated Warburg effect 23 in lung tissues when metastases appeared. Meanwhile, the level of lactate increased with the lung metastatic progress, which indicated the time-dependent activation of anaerobic glycolysis, providing more energy to meet the energy requirement of the tumor growth. The elevated lactate was also found in estrogen receptor negative breast cancer 24 and gastric cancer metastasis, 25 showing the change of lactate had a close connection with the progression of tumor and metastases. The level of glucose showed decrease at the early stage of metastasis, and it also presented the tendency of reducing with the increase of lung metastasis. However, the decrease of glucose didn't have statistical signicance, possibly caused by the interference of other signals when integration at d 3.4-3.9 and the individual difference among the samples. We would increase the number of mice to further evaluate the change of glucose in order to elucidate the glucose metabolism. Acetate was down-regulated in both models at serious metastases stage comparing to early metastases stage. It is possibly correlated with the switch from acetate to ATP for supporting fatty acid and lipid biosynthesis under tumor-like tissue culture conditions. 26 This result was also found in adenocarcinoma.
27
Creatine was observably increased in both tumor types at the early and serious metastases stages, which was correlated with the altered energy transfer processes, 28, 29 and it had been found to increase in adenocarcinoma (AdC) and squamous cell carcinoma (SqCC) lung tumors. 27 Additionally, the up-regulated creatine may reect decreased activity of creatine kinase (CK), which catalyses the reversible transphosphorylation reaction between ATP and creatine.
30,31
The changed amino acids have been observed during the tumor proliferation. Glutamate and alanine were increased signicantly at early metastases stage. Glutamate, produced from hydrolysis of glutamine by glutaminase, has been considered to be an important source of energy and medium for tumor cell growth. 32, 33 The increase of glutamate at early metastases stage in both models possibly implies an increased activity of the glutaminase. Many studies have found high level of glutamate in various types of cancer. 34, 35 However, it was noted that an obvious decrease in glutamate at serious metastases stage was found. Wang J. et al. found the level of glutamine was elevated in early primary hepatocellular carcinoma stage and decreased in the late metastatic stage. 36 Combined with this study, we can suppose that the glutamine and glutamate metabolism has different metabolic patterns at early and severe metastatic stages. The transamination of glutamate is catalyzed by alanine transaminase and produces alanine and aketoglutarate, and then a-ketoglutarate enters the tricarboxylic acid cycle for energy generation.
27 Therefore, the increased alanine possibly suggested the activated transamination, which was also found in prostate cancer and head and neck cancer.
37,38
Valine, one of the branched-chain amino acids, was downregulated in both models at serious lung metastatic stage. In human lung cancer, valine is also signicantly decreased, 39 which may be a result from disordered activity of a series of synthases during the tumor growth. Aspartate was one of the most important intermediates in glutamine oxidation, and its decrease in 4T1 model mice at 14 days may also imply the energy metabolism change. 40 A study proved aspartate metabolism is signicantly enriched in hepatocellular carcinoma compared to non-tumor tissue. 41 However, Chen et al. showed aspartate had a signicant elevation in lung cancer tissues, 39 which is contrary to our results. The reason may come from the different cancer types and developing stage. The elevation of proline in MMTV-PyMT mice presumably correlated with the degradation of collagen. And it was also reported that the signicant increase of proline is highly correlated with cancer metastases, such as gastric cancer metastasis.
25
Taurine and myo-inositol increased at serious metastasis stage, which was also reported in adenocarcinoma compared to squamous cell carcinoma. 27 Taurine and myo-inositol were known to play a role in cellular osmoprotection, so the increase of myo-inositol and taurine possibly suggests a disorder in the regulation of osmotic pressure. Additionally, elevated taurine could be a result of an endogenous defense mechanism against tumor proliferation.
28 N-Acetyl glycoproteins are acute-phase glycoproteins, increasing in MMTV-PyMT mice at 12 weeks, and it was considered to be important in prognosis of patients with tissue damage 42 . It was found that the increased PC and GPC were correlated with the severity of lung metastasis. PC is produced from anabolic and catabolic transformations of phosphatidylcholine (PtdCho), the major cell membrane phospholipid, while GPC is a product of PtdCho degradation.
27
The increases of PC and GPC reected the disorders phospholipid metabolism, which was also found in adenocarcinoma. 27 
Conclusion
In summary, we applied the NMR-based metabonomics to identify metabolic patterns for characterizing the lung metastatic progression of breast cancer and search the biomarkers for early lung metastases in MMTV-PyMT and 4T1 models. It was found that lactate, alanine, glutamate and creatine were potential biomarkers of early lung metastasis. With the severity of metastases, the down-regulated valine, and up-regulated GPC/PC and myo-inositol could be correlated with the late metastatic stage. All the changed metabolites are correlated with energy metabolism (glycolysis and creatine metabolism), amino acids and phospholipids metabolism.
